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I. Rover Proqram (Nuclear Rocket Propulsion Engines)

A. Klwf Reactor Fuel Elenmts

The Rover Program aimed at the development ofa nuclear reactor

as a rocket propulsion engtne wfth high speclflc Inpulse. The

designed - 2500Koperatlon of the first reactor of this program

demanded a new class of fuel element material, enriched uranium

carbide dispersed in a graphite matrix. The

vertical stack of fo~r wheel-like structures

reactor contained a

with ple shaped boxes of

fuel plates as shown in Figure 1. Each box contained twenty plates

with uranium content varying from 60 to 300-mg uraniuwcc, and

positioned so as to provide a relatively flat radial neutron

distribution. The plates were required to

with a uniform distribution of uranium and

of 1.70 Mg/m3.1

be radiogr~phically sound

a minimum carbon density

After exploring the conventional process for fabrication of

cwmnercial graphites employing a thermo-plastic pitch binder, we

developed a process using a liquid thermosetting resin, furfuryl

alcohol as a binder. A mixture of 77.5kt% -325 mesh graphite flour,

15.Owt% carbon black, and 7.5 wt% flake graphite was dry blended with

fine uranium oxide and then mixed with catalyzed furfuryl alcohol

in the amount of 19% of the dry carbon powders plus 50% of the weight

of uranium oxide.

tieformed 215-ITETIby 250-MM by 11.4-mm-thick plate blanks by a

die compression vacuum molding technique at 7000 psi (48.2-FIPa).

The plates were heated in a 36 h cycle from 318 to 453 Kto partially

polymerize the resin, then impregnated with the resin to increase

carbon density, and then reheated slcwly to 453 K. The plates were



radlographed at this stage to detennfne unlfc%ilty of uranium

dlstrlbutlon and to detect flaws. Acceptable plates were

heateclfn 36 h to lC/3 K in vacuum. These long heating cycles

were requfred to permit slow evolution of water from polyawfzation

of the condensation type polynw and for g?adual reamval of volatfle

products of polynwization to prevent spalllng @f the plates.

The plates were then heated in an induction furnsce in a 3 h

heating cycle to - 2800 Kwhich converted nmt of the carbon to

graphite and the uranium oxide to uranium carbide.

The plates were machined flat and inspected by radiographic

DXT gaging, and the uranium content was determined by radiation

absorption and correlated by chemical analysis. The plates were

then machined to provide ribb~l surfaces to allow hydrogen gas

passage between plates.

B. Phoebus Reactors

Figure 2 is a schematic of the more advanced Phoebus II type

cyclable nuclear rocket propulsion mgines. Liquid hydrogen enters

around the nozzle, cooling it. The hydrogen then passes around

the reflector and criticality control material and passes upward

through the multip’lehole enriched uranium loaded graphite core

which heats it to an exit gas temperature of - 2720 k. The reactor

power level was 5000 megawatts.

The Powder Metallurgy Section was responsible for making the

uranium loaded fuel elements, the criticality control material,

a neutron poison material required at the foi-wardend of the

reactor to reduce the neutron flux peak, structural composites for

fuel element supports, and heat shields.



1. Fuel Elements

The uranium loaded graphlte fuel elenmts were In the fona of

hexagons, 19-Imn across flats and 1320-nan-long with nfneteen 2.5--

dlam holes for gas passage. The collflguratlon and speclflcatlons

of these fuel elewnts were beyond i~ny comwrcfal capabilities and

presented z challenging development prcgram for us. These fuel

elements were made using the kiterid.lsand materials processing as

previously described except they were formed by extruding the mixture

through a very complicated design nozzle to yield the desired shape

as shown in Figure 3.

Complete uniformity of powder and binder mixing, ingenuity In
.,

nozzle design and extrusion fixturlng, rigid control of extrusion

rate, and special f!xturing for all phases of subsequent processing

were necessary to comply with extremely tight specifications

assigned to hole diameter and location, and flatness of the long extruded

shape,as well as un~formity of uranium distribution.

2. Criticality Control and Poison Plate Material

The criticality control material was in the formof 50-mn-wide

203-m-long by 2.5-rmn-thickplates which were spirally mounted on

externally activated drums. A total of

Additionally 1.4-rmn-thicknineteen

with the same cross section and ho’

2were required.

360 plates were required.

hole neutron poison hexagons

e al”gnment as the fuel elements

Copper was chosen as the matrix material primarily because of

desirable mechanical properties in the 20K-450K operational

temperature range and because of its comparability with normal

boron carbide which was used as the neutron absorber.

For feasibility studies, we cold pressed 50-mm-square plates

at pressures up to 50-tsi (689-MPa) and sintered them at 980°C,

by



or hot pressed plates at 950’C and 2200 psi (15-?IW%). He used

20, 40, and 50 VOI% boron carbfde concentrations In these

feas!bll tty studfes, canned the plates In coppet8and uam rolled

the plates to 1.4-nun-thickness. Me radiographed the rolled sheet

and then machined tensile and multiple hole dimensional stablllty

specimens by electrical discharge machin$ng.

The high

excess$ve die

loadings of very hard angular boron carbide caused

wear,and during rolling, resu’Jted In void areas

behind the particles in the direction of rolling

flowof the soft copper around these particles.

carbide particles minimized these problems.

because of poor

Rounding the

The structure and particle size of the raw materials used for

most of these pressings are shown in Figure 4 (660522). He used

the rounded boron carbide that we made by passing an!lularpowder

through a plasma arc for the higher carbide concentrations. Figure

5 (650164) shows radiographs of typical rolled sheet using three

different size carbide powders, + 120, -140+200, and -200 mesh.

The uniformity of ?c;adingwas confirmed by chemical analysis.

Tensile specimens made with rounded and angular boron ca’”bide

and using coarse and fine copper powder were annealed in hydrogen

and tested both at room temperature and at cryogenic 20 K. Test

results indicated that regardless of carbide concentration, mechanical

properties of sheet made with rounded carbide particles were slightly

higher than those made with angular powder. Strength and elongation

decreased as carbide loadings increased. Properties of sheet made

with fine copper were superior to those made with coarse copper, and

cryogenic mechanical properties were considerably superior to those

at room temperature.



Me cycled eighteen cweful ly ~nspected 1.+m-thfck tawnty-hole

stabil Ity spedoens four tfmes betw?en 20 K and M K and

determined that the hole sfze, hole locatlon and true posttfon of

the holes were stable.

Production hot pressing of the 20 and 40 vol% carbide loaded

material was scaled up ‘n s“lze to fom 146-mn-wide by 381-wn-long

by 1l-asn-thickplates without process modification. The graphite

die design used for thf:hot pressing is shown In Figure 6 (659968)

and Figure 7 ( ) Shows the type of hot press IJsed.

All production runs employed the rounded boron carbide; a -100

+140 mesh fraction Waj Used for the 40 VO1% carbide loaded material

and a -140+200 mesh fraction was used for the 20 vol% carbide

material.

The hot pressed plates were electroplated with 0.25-nsn-thick

copper and rolled in steel frame enclosures at.700°C to form

4.6-nrn-thickcopper-boron carbide sl,eetwhich was then rolled

bare iit700eC to the final thickness. The sheet was then blanked

and warm rolled to form the spiral contoured control plates,or

electrical discharge machined to form the thin hexagonal

poison plates.



3. Structural Coavo sites for Fuel Eleamt Suppo rts

The hot end of the advanced ?hoebus type reactors opera:ed nt

- ?900 K and required critical load bearing fuel elemnt supports in

this area, and also tn cooler areas of the reactor. It was necessary

to develop a new class of matertals having considerably higher hot

strengths ano lower

previously used for

He hot pressed

creep rate; than niobium carbide coated graphite

this appltcaticn in lower temperature reactors.

and tested a large number of tantalum carblde-

graphite, niobium carbide-graphite, and soltd solution TaC-NbC-graphite

composites; the latter offered a new family of materials having high

temperature mechanical and physical properties vastly different than

those of the individual carbide-graphite composites. Considerable

effort was expended on complete powder characterization, and the

effects of powder characteristics and chemistry on properties;

especially deformation at high temperature of these composites.3

Specimens, 25-rmn-diamby 25-mm-long were tested in compression

at 2970 K and 2000 psi (?3.7”MPa) for 30 minutes for single point

deformation and tested for cumulative deformation by incrementally

increasing temperature in 200 K increments from 2270 to 2970 K and

measuring deformation. Figure 8 dramatically illustrates minimum

deformation of the solid solution composites, and Figure 9 illustrates

the strong effect of iron impurity concentration in the niobium

carbide powder on deformation of the hot pressed composite.

The bank of ten high temperature hot presses used for composite

component production for the reactors is shown in Figure 10. We

made most ~f the pressings at - 3320 K and 3200 psi (22 MPa),maintaining

these maximum conditions for ten minutes. Figure 11 shows the



various shapes requtred and the graphite dies used to make tha

right cylfndw blanks for these shapes.

4. Heat Shields for Fuel Element Supports

The hot end fuel element support blocks of Phoc!ms type reactors

accommodated button structured tie rods which received the load

of the core afid transdtted (t to the cold end support plates. For

the more advanced reactor designs whtch called for cyclfc operatfon

at higher temperatures and longer running times, It was necessary

to thermal lY shield the button tie rod ends with cup and threaded

cap type shields. Figure 12 shows the shields and method of

manufacture.

Results of preliminary tests under designed cyclic operational

conditions indicated that W-Mo-Re and U-MO alloys would survive with-

out excessive embrittlement or reaction with niobium carbide coated

graphite support blocks. Me subsequently developed a process using

tungsten - 30 wt% molybdenum with 1.5 wt% thoria added for manufacturing

these components with

time.q

We isostatically

and fine tungsten and

minimum material waste and minfmum machining

.

pressed a blended mixture of ball-milled thoria

molybdenum powders around mandrels at 45,000 psi

(310-MPa).

shields to

mately one

Machine tiniefor fabricating these threaded cap and cup

exacting dimensional specifications was reduced to approxi-

hour each by performing conventional machining after a

15 h presinter in hydrogen at 1273 K. No further machining was

required after the subsequent sintering for 15 h at 1973 K and 1.5 h

at 2973 K in flowing hydrogen.



These al 10Y %Melds retained thefr se] (-wpporting charccterfstlcs

wfthout serfous mbrittlment and provfded the necessary thermal

shielding dur~ngactuai reactor cyclfc opmtfon at - 2800K,

1:. Therdonfc Emitter Ueactors

The use of electrical propulsion for advanced space

fs dependent of, develqmnt of long 11 fetlm, ‘OU we$ght

missions

nuclear

electrical power supplles, Thmwionic reactors with efftcieflt

h?at-to-electr~ city conversion taktng place In-core can meet the

wdght restrtctlons but It was necessary todevleop fuel pins wfth

1 tfetlmes of 10,000 hours operatton with a high degree of dimen~fonal

stabfl$ty atelwated temperature fn a cesfumatmosp!]ere.s The

C@Sf’umaCtS as a metal cooldnt to carry away h-t at the cold

junction and serves as the electr’ al conductor.6

A. lJranlum Catiide-Z:rconium Carbide Fuel PiIIs

Calculations tnd{cated that a 30-mole percent uranfum carbide

- 70 mole percent zirconium carbide (melting point - 3200 K) fuel

pin operatingat Z30(JKwould have low vapor pressure and adequate

emission properties, and that this high temperature would ann?al out

a considerable portion of fission product damage and promote release

of fission products.

i!ecauseof comparability problems with the cesium vapor In

which the fuel pin operated; trace amounts of free carbon and second

phases such as UC2 or U2C3 could not be tolerated in this very reactive

material. We investigated many avenues for preparing solid solution

powder for hot pressing 6-nun-diamby 125-nmlong fuel pins, the upper

100-mn of which was enriched uranium.7



Me first made very fhe, htgh purtty reu materfal pouders of

uranlua, uranfun hydride, urmb mno-cmbtde, zlrcont-~ ztrconiim

hydrtde md ztrconfm carbide, and then meted these fn varhus

combhatfcm to fom the solfd solution UCOZrC powder. W ●lso

made the SC1td solutton powder by first ●rc aelttng 100 graa buttons

of uranim, z!rcon~a and carbon which we homgenlzed for 24 h at 2(IWC

~n vacum. We then crushed the buttons -200 msh, Iwmgentzed tho

powder for an additional 24 h and bail Mlled it in a urmlm ball

mill wfth uranlw balls.

Ue made high dmsfty fuel ptns by vacuum hot pressing [at 2470 K

and 4400 PSI (30.3-Wa)] carefully weighed and leveled charges of

enriched powd~r loaded on top of depleted solld solutfon carbfde

powder. f~gure 13 (626035) shows the pins and the five-hle graphfte

dle ass-ly for making the pfns. A hole was drf I led through the pln

for venttng fission products.

It Was subsequently determined that the brittle character of the

carbide when subjecti??to radiation, thermal and mechanical shock,

and vibration, and its incomparability with refractory metals which

it contacted, required abandoning UC-ZrC as a fuel pin.

B. Molybdenum-llraniumOxide Fuel Pins

A molybdenum -40 volume percent enriched uranium oxide fuel pin

coated with 0.12-11111of tungsten was designed for 10,OGO hour operation

at 2100 K. Because fission product escape is governed by diffusion

from the U02 particles in the cermet and hence is critically dependent

on particle size as well as on the temperature, we had to carefully

select molybdenum and oxide powders with specific characteristics so

that we could fabricate fuel pins to accommodate fission gas release

and prevent pin swelling. Introducing porosityin the cermet and



ddlllng # hole in the center of the fuel pin were effectiva In

nfnhlzing pfn swelljng but It was also necessary to have a

relatively hf~dunsfty netal @atr’tx timln!nize oxf~mi~atim.

We tsosu ,IcAI Iy pressed 105 atcron dtm oxMe particlm wtth

fine molybdemm and stntered the pressings at ZWO K, or hot pmswd

the powders to fora products wtth 8 to 12 percent open porosity. Me

then heated the materhl to -2400 K in vacuwn to stabflfze the

porous stricture to prevent additional sfnterlng at the long ttne,

M lowr teqerature operation.8

Fuel pins m’e machined to size and coated ‘dth tungsten f-

the hexafluorMe. !rradfation tests under reactor canditlons fo?

8068 hwrs produced only one percent swel 1ing of the fuel pins, and

it was concluded that these fuel pins could operate satisfactorily

for this extended 1~fe at 2100 K. Post }rr~d+~t~on test examination

of the fuel pins led to the conclusion that even ;onger Iif*

operation could be achieved by introducing more initfal poros,!j fn

the pins.

111. Laser and Electron Beam Fusion Programs

A. Lithium Oeuteride-lritide Targets

Our laboratory is engaged in experimental and thewetical

efforts based on the concept of initiating thermonuclear tusion

reactions by concentrating pulsed laser energy on small pellets of

deuterium-tritium fuel. One objective of the laser program was the

study of energy interaction of a laser beam with lithium deuteride

or lithium deuteride-tritide (LiDT), and calculations indicated

maximum deuterium-tritium burn efficiency using a spherical 100-um-

diam LiDT particle.g



Lithium deuteride is a very reactive material; large lumps can

be briefly handled in air but finely divided powder with its high

surface area and low thermal conductivity reacts instantly

with small amounts of water or water vapor, sometimes with explosive

violence,”and the liberated hydrogen ignites spontaneously.

Therefore, all operations with powder were performed in a very

dry argon atmosphere.

Five processes for preparing spherical powders were investlqated

briefly using lithium hydride

1. Spheriodization and

reactive oil.

as a stand-in for lithium deuteride:

hydriding of metallic lithium in non-

2. High pressure atomization of molten lithium hydride.

3. Discharge of molten lithium hydride thorugh a per~orated

plate.

4. High pressure extrusion of 100-~m-diam rod”with subsequent

sperhoidi.~tion of chopped rod.

5. Gravity flow of powder through a heated drop tower.

Me used the last technique to produce lithium deuteride spheres

for laser targets. This technique consists of dropping angular

lithium deuteride particles at a controlled rate vertically through

a hot zorjewhere they melt to fnrm spheres that cool and solidify

while falling free. One of the drop towers used successfully is

shown in Figure 14.

We hand crushed large irregular lumps of deuteride in an argon

atmosphere glove box to yield a 95 to 140 micron size angular

powder as shown in Figure 15. We made many spheroidizing runs varying

length of the hot zone and temperature of hot zone, and found a

temperature range of 1098 to 1123 K and a hot zone length of - 90-mm



to be optimum for producing an acceptable yield of good solid spheres

as shown in Figure 16. In this temperature range we were able to

affect only surface melting and thus prevent shrinkage voids which

result from complete particle melting.

We were able by a special repetitive screening and cleaning

operation to remove the ver,ysmall dust particles of deuteride from

the surfaces of the angular feed powder to obtain a cleaner powder

as shown in Figure 17; we obtained smoother surface spheres with the

clean powder feed. 10

We shape

an adjustable

non-spherical

classified spheroidized Iithium.deuteride powder on

inclined vibratory table to separate spherical from

powders, and were able with two passes on the table

to remove - 98% of non-spherical particles.

Of major importance is the deuterium content of the particles;

the high dissociation pressure at spheroidization temperature

reduced the deuterium content approximately 20 percent. We determined

thatwe could restore most of the deuterium lost by thermally cycling

the spheres in purified deuterium between 598 and 773 K using twelve

cycles in a 13 h period.

We believe that an isotopic

deuterium will be most favorajle

exchange using tritium instead ot

for production of lithium deuteride-

tritide spheres at

stoichiometric.

We used a low

the stage where the powder is considerably sub-

power microscope to examine and select individual

sized and redeuterided particles and examined them by microradiography

at 3 or 4 equatorial planes, or by optical examination with a laser

interferometer to determine acceptability as targets.



He then coated the sphe~’eswith a thin coating of aluminum

or nickel which both protected the particles GO they could be “

handled in air, and acted as a pusher to enhance energy coupling

with the laser.

B. Gas Filled Glass and Metal Microballoons

Me are currently using miniature (100-600-um-diam) pressure

vessels filled with deuterium-tritium gas targets for both laser

and electron beam fusion programs. These vessels are constructed

of thin vfallglass or nickel alloy microballoons over coated with

nickel.

These microballoons are produced commercially for much less

demanding applications and contain a high percentage of malformed,

pin-holed or broken balloons, and balloons with non-uniform wall thick-

ness or other wall or surface defects. Figure 18shofls a “high-quality”

lot of as-produced metal microballoons; as-received glass microballoons

were similar but smaller.

We had to classify very large quantities of these very fragile

balloons into narrow size fractions, and quality upgrade them to

provide a small number of uniform wall, nearly sperhical balloons

without significant surface defects. We found that most conventional

powder screening equipment damaged a rather high percentage of

these fragile balloons, and additionally,their low density and

electrostatic attractive forces prohibited obtaining sharp, narrow

size classification with this equipment.

We initially floated balloons in ethanol with gentle stirring

to affect a gross separation

through an inverted stack of

cleaner filled with ethanol,

of sinkers and floaters. Screening

sieves agitated in an ultrasonic

effectively overcame the attractive



forces and permitted accurate sizing. We also used the device shown

in Figure 19 to float particles up through screens for sizing.

He subsequently eliminated mmt of the sized but weak wall or

holey balloons by alternately evacuating and opening to the atmosphere,

a pentane filled flask shown in Figure 2G which allowed the broken

or defective balloons to sink to the bottom and be withdrawn.

In addition to the batch sizing and quality upgrading, we

developed methods for classification of individual balloons

according to size, shape,

per hour using a 30 power

and rotating selected bal”

and surface quality at a rate of 25-to 40-

stereo microscope. After multiple viewing

eons, we mounted them in regular arrays

and radiographed at a minimum of two equatorial planes. Prints of

radiographs were enlarged and the wall thickness uniformity, diameter,

and sphericity determined. Figure 21 shows a radiograph of coated metal

microballoons and demonstrates usefulness of this technique for

inspection.

IV. Current Programs

lievery recently hot pressed hercynite-hematite for the joint

US-USSR (Soviet) MHD program. We are currently engaged in more

conventional powder metallurgy ‘tiorkincluding 1) forming shapes of

tungsten alloy by plasma-arc-spraying and by cold pressing and

sintering prealloyed powder 2) plasma-arc-spraying a wide variety of
,,

powders to form high density shapes 3) fabricating controlled porosity

structures by hot pressing (or cold pressing and sintering) a

combination of powders and screen (or fibers) 4) preparation of high

purity minerals in powder form and hot pressing the powders to nearly

theoretical density for the geosciences and geochemical community

and for equation-of-state-studies, 5) preparation of specimens of



niobium-alumlnum-germaniumfor use in superconductivity studies.

Me also recently began investigating hot pressing and hot isostatic

pressing of CoCr2S4 for use as Faraday rotators for laser beam

application.

1.

2.

3*

4.

5.

6.

7.
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Fiaure 10. Arson Atmosphere Hioh TemtIeratureHot Presses.



Figure 11. Hot Press Construction, Dies and Hot Pressed Shapes.
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Figure 13. Die Assembly and Hot Pressed Carbide Fuel Pins.
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Figure 14. Drop Tower for Spheroidizing Lithium Deuteride.



Scanning Electron Micrographs
Sample #LiD-1, 1150

50X

loox 300X

Figure 16. Spheroidized Lithium Deuteride.



Scanning Electron Alicrographs
Sample #LiD-2

.
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loox 300X

Figure 15. Crushed and Screened Lithium Deuteride Feed Powder.



Scanning Electron l!icrographs
Sample #LiD-4

\ 100X

300X 300X

Figure 17. Special Screened aridCleaned Lithiun Deuteride Feed Powder.



Stirfaceof macroballoons

Structure of macroballoons

Figure 18 Surface and structure of as received
metal macroballoons, 250X
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